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Abstract

phenomenon remains elusive.

Background Long exons/introns are not evenly distributed in the genome, but the biological significance of this

Materials and methods Exon properties were analyzed in seven well-annotated reference genomes, including
human and other representative model organisms: mouse, fruitfly, worm, mouse-ear cress, corn, and rice.

Results In all species, last exons in genes tend to be the longest. Additionally, we found that (1) canonical splicing
motifs are strongly underrepresented in 3'UTR; (2) Last exons tend to have low GC content; (3) Comparing with other
species, first exons in D. melanogaster genes demonstrate lower GC content than internal exons.

Conclusions It cannot be excluded that last exons of genes exert essential regulatory roles and is subjected to
natural selection, exhibiting differential splicing tendency, and GC content compared to other parts of the gene body.

Keywords Reference genomes, Long exons, 3'UTR, Gene structure, Regulatory role

Background

Old trees with new blossom in this omics era

Genomic data are “gold mines” that contain numerous
hidden information to be discovered [1-3]. Genomes
can be studied either extensively, using generated new
sequencing data [4—6], or intensively. A highly success-
ful case is the reuse of transcriptome data to study the
identification [7-9], regulation [10], evolution [11], and
interpretation [12] of RNA editing. Many RNA-Seq data
were originally generated for profiling gene expression
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levels, but researchers smartly take advantage of these
data to unravel the biological significance of RNA edit-
ing. Another example is the reuse of population genom-
ics data which were originally used for the inference of
population history/differentiation. These data could be
reused for analyzing the selective preference on synony-
mous mutations [13, 14] and RNA editing events [15, 16].

Initial discoveries on the distribution of long exons and
introns

Reference genomes represent the most fundamental data
for most bioinformatic analyses [1, 2, 3, 17, 18], but we
are far from getting full understanding of the genomes.
The length, structure, GC content, and conservation of
the genome sequences are continuously being uncovered
[19, 20]. A typically interesting case is the uneven dis-
tribution of long exons and introns in genomes [21, 22].
At the beginning of post-genomic era, by re-analyzing
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the reference genomes of a handful of species, research-
ers found that extremely long exons or introns are rare
[23] and that there is an ordinal reduction (from 5’ to 3’)
of exon and intron lengths within a gene [24], where the
first intron tends to be the longest [25]. However, despite
the overall reduction of exon/intron length from 5’ to 3,
last exons turn out to be the longest [26]. Then, research-
ers tried to find out the reason for such unevenly distrib-
uted long exons and introns. The first intron is closest
to the promoter of a gene and contains many regulatory
elements to facilitate gene expression [27]. The longer
last exon in human and mouse might be explained by
the avoidance of introns in 3’'UTR (untranslated region)
due to the intron-dependent nonsense-mediated decay
(NMD), but for fruitfly and Arabidopsis that lack this
NMD mechanism, it remains unclear why last exons are
still constrained. In addition to the discussion on the
lengths of exons and introns, revisiting existing genomes
also produces other aspects of new findings such as the
trade-offs between synthetic cost and translation effi-
ciency of transcripts [28] and the inference of evolution-
ary trajectory of particular orthologous genes and sites
[29, 30].

Aims and scopes

Most of the previous studies on long exons and introns
only focused on a single lineage like mammal or plant.
We need to broaden the generality of this phenomenon
and meditate on the underlying biological significance
and evolutionary driving force. In this work, we retrieve
seven well-annotated reference genomes: human (Homo
sapiens), mouse (Mus musculus), fruitfly (Drosophila
melanogaster), worm (Caenorhabditis elegans), mouse-
ear cress (Arabidopsis thaliana), corn (Zea mays), and
rice (Oryza sativa) that cover vertebrate, invertebrate,
and plant. We first confirmed several hypotheses such as
intron length gradually decreases from 5’ to 3’ and that
last exons tend to be the longest. Then, we made the fol-
lowing new findings: (1) In all species, the present 3’UTR
sequence significantly avoids splicing junctions or even
canonical splicing motifs. (2) In all species, last exons
tend to have the lowest GC content, which is possibly
connected to the maintenance of m°A modification and

Table 1 Basic statistics of the reference genomes

Page 2 of 14

the accessibility of microRNAs to 3'UTR. (3) Comparing
with other species, first exons in D. melanogaster genes
demonstrate lower GC content than “internal” exons,
presumably due to the selection force on translational
initiation rate in 5’UTR and the preference on synony-
mous codon usage in coding sequence (CDS). In conclu-
sion, last exons exhibit differential splicing tendency and
GC content compared to other parts of the gene body.

Results

Basic statistics of reference genomes: genes, transcripts,
exons, and introns

We downloaded seven well-annotated reference
genomes: human (Homo sapiens), mouse (Mus mus-
culus), fruitfly (Drosophila melanogaster), worm (Cae-
norhabditis elegans), mouse-ear cress (thale cress,
Arabidopsis thaliana), corn (Zea mays), and rice (Oryza
sativa). The choice of these species considers their rep-
resentativeness among vertebrates, invertebrates, and
plants, and also due to the fact that they are the most
well-annotated model genomes currently. The detailed
genome versions are provided in Materials and Meth-
ods. Here, we began with some basic statistics on the
numbers of genes, transcripts, and exons (Table 1).

The number of genes per species ranges from 17,478 in
D. melanogaster to 58,051 in H. sapiens, where the two
mammalian species have more genes than other species.
D. melanogaster has remarkably lower gene number than
the second lowest species A. thaliana (Table 1). This sug-
gests a tendency of complex gene-regulation networks
in mammals. But we cannot rule out the explanation
by Ohno’s hypothesis (2R hypothesis) [31] that two or
more rounds of whole genome duplications might have
occurred at the common ancestor of vertebrates, leading
to the diversification of genes. Moreover, the data sug-
gest that mammals have larger numbers of transcripts
(mRNAs, or splicing isoforms) per gene compared to
invertebrates and plants (Table 1). It cannot be excluded
that mammals might have greater demands on molecular
diversity than others, or it might be otherwise explained
by the greater efforts in annotating the human and mouse
genomes. Moreover, a significant positive correlation is
observed between the number of exons per gene and the

Species H. sap M. mus D. mel C.ele A.tha Z. may O. sat
# of genes 58,051 48,526 17,478 46,739 32,833 44,303 38,993
# of transcripts 198,002 117,762 34,472 58,941 54,013 77,341 45,973
Transcript/gene 341 243 1.97 1.26 1.65 1.75 1.18

# of exons 1,182,163 721,666 186,737 251,447 313,952 460,812 200,789
Genes>20 exons 4.2% 4.7% 0.55% 0.55% 1.6% 1.4% 0.95%
Exon/transcript 5.97 6.13 542 4.27 5.81 5.96 437
Unique exon/gene 9.84 8.17 4.76 337 5.88 5.84 4.58

Transcripts/gene versus exons/gene Pearson’s Cor=0.93, P=0.0024
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number of transcripts per gene (Table 1 and Additional
file 1: Supplementary Figure S1).

Interestingly, although on average each gene has more
than 1.6 transcripts in many species, from the distribu-
tion we see that actually most genes only have one tran-
script (Fig. 1A, the leftmost bar is the highest). While we
acknowledge that annotations might not include minor
transcript forms even in model genomes, our results are
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based on the currently available genome data and we
temporarily presume that they are accurate. It suggests
that the average number of transcripts per gene is skewed
by the outliers with an extremely large number of tran-
scripts. The same goes for the number of exons per tran-
script: in all species, on average one transcript has more
than four exons but in fact most transcripts only have
one or two exons (Fig. 1A).
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Fig. 1 Statistics on the numbers and lengths of transcripts, exons, and introns. The seven representative species are displayed in a phylogenetic order
with unscaled branch length. (A) Histograms showing the distribution of the number of transcripts per gene, the number of exons per transcript, and
the lengths of exons and introns. X-axis is the number or length, and Y-axis is the frequency, meaning how many elements have this number/length. The
median lengths of exons and introns in each species are provided in the panel. (B) Barplots showing the proportions of total length of exons and introns.
X-axis is the proportion. Bars show different species. The upper panel comes from all annotated transcripts. In the lower panel, only the transcript with the

largest number of exons is selected for each gene
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The same “outlier effect” is observed in the compari-
son of total lengths of exons and introns. By consider-
ing all the annotated transcripts in each species, we
found that exons only make up 4.4% and 5.7% of gene
regions in human and mouse, respectively (Fig. 1B). In
contrast, in the fruitfly genome, a much higher fraction
of exon regions is observed (27.0%), and in the thale
cress genome, 67.8% of genic regions belong to exons,
which is twice the total length of introns. This pattern
holds true when we only consider one transcript per
gene instead of all transcripts (Fig. 1B). The selected
transcript is the one with the largest number of exons.
Interestingly, in fruitfly, although the total length of
introns is higher than that of exons, their length distri-
bution shows that the median exon length (279 bp) is
3.8 times higher than the median intron length (73 bp)
(Fig. 1A). This contradiction can be explained by the
fact that a few extremely long introns drastically ele-
vate the average intron length, leading to an overall
larger fraction of intronic regions. But the few outli-
ers have little effect on the median intron length since
most introns are still shorter than exons. For example,
the longest intron in fruitfly is the first intron of gene
Myo8I1F (Additional file 1: Supplementary Figure S2,
FBgn0267431: FBtr0392909) encoding Myosin 81 F with
actin filament binding and microfilament motor activ-
ity (http://flybase.org/reports/FBgn0267431.htm). This
intron is 268,107 bp in length, 3,673 times higher than
the median intron length (73 bp). In fact, only 1,476
(2.98%) of the total introns are longer than 10,000 bp.
These 2.98% introns have elevated the average intron
length for 2.3 times (from 562.8 bp to 1275.5 bp), but
only increase the median length for 2 bp (from 71 bp to
73 bp).

In human and mouse, although the median exon length
is much lower than the median intron length (roughly a
1/10 ratio, Fig. 1A), this 1/10 foldchange is insufficient
to explain that the total exons only make up 5% of the
mammalian gene regions (Fig. 1B). This again implies the
existence of “outlier introns” that remarkably skew the
average intron length.

Our results suggest that the notion of “introns are
much longer than exons” is only true in the two mam-
mals (human and mouse) we tested. For fruitfly, the
overall larger fraction of total intron length compared
to total exon length is due to a few “outlier introns’, and
the majority of introns are actually shorter than exons.
Moreover, in three plants, the median length of exons is
higher than that of introns, showing an opposite trend
to the traditional notion. We reiterate that these conclu-
sions are made by trusting the accuracy and complete-
ness of the current reference genomes, not considering
potential minor transcript forms that are missed from the
annotation.
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The lengths of individual exons decrease with the number
of exons per gene

In humans, one gene (transcript) can have as many as
363 exons (ENSG00000155657: ENST00000589042,
protein: Titin, highly abundant in striated muscle, http
s://www.genecards.org/cgi-bin/carddisp.pl?gene=TT
N_keywords=ENSG00000155657), and its ortholog in
mouse has 347 exons (ENSMUSGO00000051747: ENS-
MUSTO00000099981) (Additional file 1: Supplemen-
tary Figure S2). We wonder whether exon length differ
between genes with numerous exons and those with very
few exons. For each gene, we selected the transcript with
the most exons and ranked different genes with increas-
ing number of exons. Interestingly, in all seven species,
the lengths of individual exons decrease with the num-
ber of exons per gene (Fig. 2), and this correlation is more
evident in fruitfly and plants. Such finding is potentially
explained by the intron-late hypothesis [32, 33] that
introns insert into genes during evolution so that the
original exon was split into multiple new exons: while
increasing the number of exons, the length of each indi-
vidual exon was reduced. The only exception of this trend
is C. elegans where the single exon genes (mostly non-
coding RNAs) tend to be shorter than others (Fig. 2).

Interestingly, in fruitfly, we observed that the indi-
vidual intron length is significantly positively correlated
with the number of introns per gene (Rho=0.97, P="7.8E-
6), but this pattern is not observed in other species. In
human, corn, and rice, this correlation is negative; and
in mouse and thale cress, no significant correlation is
observed (Fig. 2).

Note that in this part, only genes with no more than
20 exons (19 introns) are shown. In fact, in all species
we used, only<5% of the total genes have more than 20
exons (Table 1). Especially, fruitfly and worm only have
0.55% such genes. As a result, bins with rank>20 will
have variable length distributions that lack statistical
power and skew the global trend. We therefore only show
the genes with no more than 20 exons.

Intron length decreases from 5’ to 3’ while last exons are
the longest

The above analysis distinguishes how many exons/introns
a gene has but has pooled all exons/introns within each
gene to see their length distribution. Next, for these
multi-exon and multi-intron genes, we wonder whether
individual exon/intron length correlates with the posi-
tional order (rank within gene) of the exon/intron.

As we have introduced, previous studies have inves-
tigated a few species and found that first introns and
last exons tend to be the longest [24, 26]. To test the
generality of this pattern, we retrieved the genes with
no more than 20 exons (19 introns). We display the
length of each exon/intron from 5’ to 3’ Figure 3 shows
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Intron GC% of different genes
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Fig. 2 Lengths and GC contents of exons and introns. The seven species are displayed in a phylogenetic order with unscaled branch length. Exon and
intron lengths are shown with a log,(length + 1) transformation. The X-axis is the number of exons/introns per gene. That means, the exon/intron lengths
(Y-axis) are grouped within these genes (each group is a box) and displayed separately in the boxplot. Spearman’s correlation is calculated for each plot.
The statistics of insignificant ones are colored in grey. Only genes with no more than 20 exons (19 introns) are shown. The reason for this is provided in

the main text

the representative results of genes with two, six, ten,
and 20 exons. We first focus on the length of exons. In
all seven species, regardless of how many exons a gene
has, the median length of last exons is always longer
than those of all other exons (Fig. 3). Then, in six of the
seven species (except worm), the first exon seems to be
slightly longer than internal exons, and those internal
exons do not exhibit differential length with each other
(Fig. 3).

For last exons, their “length difference” over other
exons increases with exon number per gene. For exam-
ple, for genes with two exons, the last (means the sec-
ond) exon does not show amazingly longer lengths than
the first exon (Fig. 3, first column). But for genes with
20 exons, last exons are almost 5~ 10 times longer than
the internal exons (Fig. 3, see the last column, note that
the Y-axis is log, transformed). Moreover, although the
overall exon length decreases with exon number (Fig. 2),
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Fig. 3 Lengths of exons and introns in order. The seven species are displayed in a phylogenetic order with unscaled branch length. The four columns
represent the genes with two, six, ten, and 20 exons, respectively. Exons and introns are displayed in order (from 5'to 3'). Exons are in red and introns are
in blue. Last exons are significantly longer than other exons in all cases, P<0.001, Wilcoxon rank sum tests. The decrease of intron length is measured by
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the length of last exons is actually increasing with exon
length. That is to say, the 20th exon of genes with 20
exons is longer than the 10th exon of genes with 10 exons,
which is further longer than the 6th exon of genes with 6
exons, and so on (see last exons in each panel of Fig. 3).
This finding indicates a potential natural selection force
favoring a longer length of last exons, and the strength
of this selection force might increase with the number
of exons per gene. The biological significance behind this
phenomenon will be discussed in the next section.

Next, we looked at the intron length. Except worm, we
found that the length of intron decreases from 5’ to 3’
regardless of how many introns a gene has (Fig. 3). This
is a general confirmation of the “long first intron” phe-
nomenon [24, 25, 34, 35], but we stress that C. elegans
is an exception. Moreover, compared to the dramatic
difference between the lengths of last exon and internal
exons, the intron length seems to decrease mildly from
5 to 3’ (Fig. 3). This suggests that intron length might
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be governed by positional effect while the length of
last exons might be constrained by its essential identity
(3UTR).

Canonical splicing motifs are avoided in 3'UTR, leading to
the elongation of last exons

In all tested species, the median length of last exons is the
longest regardless of how many exons a gene has (Fig. 3).
We wonder what might be the evolutionary driving force
triggering this pattern? In fact, since last exons mainly
contain (or are included in) 3’'UTR, we surmise that this
property of long exon is related to the nature of 3'UTR.
For example, in human and mouse, the intron-dependent
nonsense-mediated decay (NMD) pathways will discour-
age the presence of introns (splicing junctions) within the
3UTR [36]. However, this theory does not explain the
same pattern observed in fruitfly and thale cress where
the intron-dependent NMD mechanism is absent [36].
Moreover, although last exons are long, we still need a
proper control to quantitatively demonstrate the avoid-
ance of splicing junctions in 3’'UTR.

We first noticed that the length of 3'UTR is signifi-
cantly longer than the length of 5’UTR (Fig. 4A), agree-
ing with our common notion. However, the differential
length between 3'UTR and 5'UTR is less striking com-
pared to the difference between last exons and the other
exons, or between last exons and first exons (Fig. 3). This
raises a possibility that the elongation of last exons might
enable them to contain the entire 3’UTR, and then the
3'UTR will be free from splicing junctions. 5’UTR can be
used as a control when testing this hypothesis.

To clarify the relationships between UTRs and exons
and test our hypothesis on the splicing-avoidance in
3UTR, we retrieved the genes with at least three exons.
We classified the genes containing 5’'UTR into two
classes (Fig. 4B). Casel, single-exon 5'UTR, meaning
that the 5’UTR is contained in (or equal to) the first exon;
case2, multi-exon 5’'UTR, meaning that 5’UTR extends
beyond the first exon. The same criteria were applied to
classification of the genes with 3’'UTR (Fig. 4B). Among
the genes with at least three exons in human genome,
16,305 genes have 5UTR and 7,341 (45.0%) of them
have multi-exon 5’UTR, belonging to case2. In sharp
contrast, for genes with 3'UTR, this fraction is only
2727/16,497 =16.5% (Fig. 4A). Similarly, in other species,
3UTR has significantly lower fraction to be multi-exon
compared to 5’'UTR (Fig. 4A). This pattern indicates that
splicing junctions (or splicing events) are significantly
avoided in 3’'UTR.

In addition to the annotated splicing junctions, we also
looked for canonical splicing motifs in the UTRs. Canon-
ical introns typically have GU-AG motif at both ends
(Fig. 5A). We counted the number of canonical splicing
motifs in 5’UTR and 3'UTR, and used the number of
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motifs per Kb to represent motif density. In all species,
we found that the canonical motif density is lower in
3'UTR compared to 5’UTR (Fig. 5B). This again suggests
a strong avoidance for even the potential splicing sites in
3UTR.

To understand why splicing is not welcome in 3’'UTR,
we consider two major functions of 3’UTR. (1) To be sub-
jected to prevalent N°-methyladenosine (m®A) modifi-
cation [37]; and (2) To be targeted by microRNAs [38].
In both animals and plants, m®A modification sites are
strongly enriched in 3’'UTR [39, 40]. Although the meth-
ylation of adenosines mediated by the methyltransferases
takes place in the nucleus [37, 41, 42], the functions of
m®A, such as regulating mRNA stability [43] and trans-
lation efficiency [42, 44], are exerted in cytoplasm. The
3'UTR m°®A sites are crucial to the mRNA regulation [39,
44]. It is possible that the suppression of splicing junc-
tions in 3'UTR is driven by the avoidance of spliceosome-
methyltransferase interaction. This interaction will either
affect splicing or reduce m°A modification in 3’'UTR, dis-
rupting the cellular system. In contrast, the microRNA-
3'UTR interaction takes place post splicing, mainly in
cytoplasm. It is unlikely that microRNA can constrain
the distribution of splicing junctions in 3'UTR. Taken
together, the m°A hypothesis explains the underrepre-
sentation of multi-exon 3'UTR, presumably by purify-
ing selection on intron insertions into 3'UTR. Under this
evolutionary scenario, the extraordinarily long length of
last exons is nicely explained.

Last exons have lower GC content
GC content is usually connected to codon usage bias,
gene expression, mRNA translation, RNA structure, and
gene conversion [45—47]. Overall, in human and mouse,
exons have comparable GC content to introns no matter
how many exons/introns a gene has; but in fruitfly, worm,
and plants, exons have remarkably higher GC content
than introns (Fig. 2). This might be due to the selection
on codon usage bias and mRNA translation. Fruitfly has
much larger effective population size (Ne)=1,150,000
[48] than human (20,974) [48] and mouse (160,000) [49],
which leads to stronger selection on codon usage bias
in fruitfly [50]. Besides, although the Ne of thale cress is
variable across different populations [51], the selection
on codon usage bias is still seen in this model plant [52].
Next, we displayed the GC content of exons/introns
from 5’ to 3’ (Fig. 6 for the representative results of genes
with two, six, ten, and 20 exons). For convenience, we
divided the exons into first exons, last exons, and internal
exons. The genes with only two exons will be discussed
separately. We found two shared patterns among seven
species: (1) last exons have lower median GC content
than all internal exons; (2) the internal exons do not show
remarkable difference with each other (Fig. 6). Then,
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some species-specific patterns were also found: in mam-
mals, corn, and rice, the first exon has higher GC content
than internal exons; in fruitfly, the first exon has lower
GC content than internal exons; and in thale cress and
worm, the first exon has comparable GC content with
internal exons (Fig. 6).

Although the GC content exhibits a correlation with
the position of the exons, we found no evidence for such
correlation between intronic GC content and the order
of introns (Fig. 6). This pattern is plausible. As we have

stated, the exonic GC content is related to codon usage
bias, gene expression, and mRNA translation [45-47],
but the intronic GC content has less positional effect. The
effective population size is larger for fruitfly compared
to mammals [48, 49] and thus natural selection on cis
features determining codon bias and translation might
also be efficient. Most eukaryotes including animals and
plants enrich G/C-ending synonymous codons, and the
high GC content in CDS (internal exons) is favorable for
efficient decoding and fast translation elongation [28, 53].
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For the first exon, representing 5’UTR, a low GC content
will unwind the RNA secondary structure, facilitating
the scanning ribosome to find the start codon. Therefore,
low GC content in 5’UTR is usually correlated with high
translation initiation efficiency [54]. 5UTR and CDS
have opposite preference on GC content to achieve high
initiation or elongation efficiency. In fruitfly, GC con-
tent is high for internal exons and low for the first exon
(Fig. 6), supporting the selection on high translation effi-
ciency [48]. In contrast, in human and mouse where Ne is
smaller, the overall GC content in internal exons is only
slightly higher than the intronic GC, and that the first
exon (5’UTR) even has high GC content which is unfa-
vorable for efficient translation initiation (Fig. 6).

Discussion

In this work, we relied on seven well-annotated refer-
ence genomes of animals and plants, and made three
major findings: (1) Canonical splicing events/motifs are
strongly underrepresented in 3’'UTR. (2) Last exons have
lower GC content. (3) In D. melanogaster rather than

other species, the first exon has lower GC content than
internal exons.

Then, although the long first intron and long last exon
have already been reported in a few species [24—26], here
we raise several points that need to be added to the estab-
lished knowledges. The decrease of intron length is mild
from 5’ to 3; while last exons show a dramatic increase in
length. This suggests that while intron length is position-
dependent, exon length is related to the identity of a par-
ticular exon. For different introns in the same gene, the
5 introns are closer to the promoter of a gene and thus
they can contain more regulatory elements to regulate
the transcription [27]. This tendency is not necessarily
restricted to the first intron. In fact, as long as a regula-
tory element works, it can be located in any introns. The
position effect lets natural selection favor the regula-
tory elements to 5" introns. In sharp contrast, since exon
length does not show a gradual positional change, it is
likely that the constraint on the long last exon is only
related to the nature (identity) of last exons, which is,
3'UTR. The steric effect between spliceosome and meth-
ylation machineries is a possible constraint.
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One may consider that the underrepresentation of
splicing junctions in 3'UTR can also be driven by the
avoidance of spliceosome interacting with the RNA edit-
ing enzymes like ADARs [55, 56]. The ADAR-mediated
A-to-I RNA editing is also a highly abundant RNA modi-
fication [57-59]. However, different from the enrichment
of m®A in 3’'UTRs, A-to-I RNA editing sites have species-
specific preferential locations. Mammalian RNA editing
sites in studied species like humans [60, 61], mice [62],
and pigs [63] are majorly located in repetitive regions and
introns, while in insects (like true bugs [64] and bees [65])

and cephalopods (like squids [66] and octopuses [67]),
RNA editing is enriched in coding sequence. None of the
known species show a striking enrichment of A-to-I edit-
ing in 3'UTR. Moreover, plants mainly have C-to-U RNA
editing in chloroplast and mitochondrial genes which do
not involve the 3’'UTR regulation at all [68, 69]. Thus, it is
unlikely that RNA editing is a main force restricting the
splicing in 3UTR.

Last but not least, recent breaking news report that in
bacteria, the de novo coding sequences can be synthe-
sized from reverse transcription upon virus infection [70,
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71]. This indicates that the reference genome of a species
is far more complex than a linear sequence. More hidden
information can be unraveled not only by the serendipi-
tous experimental evidence, but also by careful and sys-
tematic scrutinization of the genome sequence.

conclusions

In seven representative and well-annotated reference
genomes, canonical splicing events/motifs are strongly
underrepresented in 3’'UTR. Last exons have lower GC
content. Comparing with other species, first exons in D.
melanogaster genes demonstrate lower GC content than
internal exons.

Materials and methods

Data acquisition

The reference genomes (fasta format) and the matched
annotation files (gtf/gff format) were downloaded from
the following addresses. Homo sapiens: Ensembl data-
base genome version hg38 GRCh38.85 (https://asia.ense
mbl.org/, link to the data https://ftp.ensembl.org/pub/re
lease-85/fasta/homo_sapiens/). Mus musculus: Ensembl
database genome version mm10 GRCm38.85 (https://as
ia.ensembl.org/, link to the data https://ftp.ensembl.org/
pub/release-85/fasta/mus_musculus/). Drosophila mela
nogaster: FlyBase genome version r6.06 (https://flybase
.org/, link to the data: https://ftp.flybase.net/genomes/D
rosophila_melanogaster/dmel_r6.06_FB2015_03/). Cae
norhabditis elegans: Ensembl database, genome version
WBcel235 (https://ftp.ensembl.org/pub/release-85/fasta/
caenorhabditis_elegans/). Arabidopsis thaliana: Ensembl
plants genome version TAIR10.59 (https://ftp.ensemblg
enomes.ebi.ac.uk/pub/current/plants/fasta/arabidopsis
_thaliana/dna/). Zea mays genome version Zm-B73-RE
FERENCE-NAM-5.0 (https://ftp.ensemblgenomes.ebi.a
c.uk/pub/plants/release-60/fasta/zea_mays/) and Oryza
sativa genome version IRGSP-1.0 (https://ftp.ensemblge
nomes.ebi.ac.uk/pub/plants/release-60/fasta/oryza_sativ
a/) were also downloaded from Ensembl plants. Note that
the Drosophila genome/annotation downloaded from
Ensembl (version BDGP6) is essentially retrieved from
FlyBase. Code for data processing and analysis is avail-
able in Additional file 2: Supplementary Data S1.

Processing the genome annotation file

To calculate the lengths of different exons and introns, we
first need to know the genomic coordinate of the inter-
vals of each exon/intron. The annotation file in gtf or gff
format is 1-based, meaning that the length should be cal-
culated as end — start+1. We manually convert gtf/gff
to bed format where the start position is 0-based so that
the length of the interval will be end — start. Each inter-
val in the annotation file is labeled with the feature (gene/
transcript/exon/CDS/UTR). In 0-based format, the
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subtraction to calculate length was done by awk ‘length
= $3-$2! Intron region is not provided in the annotation
file but we can infer its coordinates from the interval of
exons. For detail, please refer to the code (Additional file
2: Supplementary Data S1).

Number of transcripts per gene and number of exons per
transcript

To know how many transcripts does a gene have, the
most direct way is to search for a gene name and see how
many different transcripts were annotated. Our idea is
basically the same, but we did it in a bioinformatic man-
ner. The genome annotation file (gft/gff) contains the
transcript IDs and gene IDs. We deduplicate (or unique,
as a verb) the transcript IDs, making each transcript ID
a line. Then we can see that some different transcript
IDs have an identical gene ID (e.g. geneA). We count the
appearance of this geneA, the outcome is the number of
transcripts geneA has. This example shows how to obtain
the number of transcripts for geneA. For all genes in the
genome, we use Linux command “uniq -¢” or equiva-
lently, “table” in R language, to count the genome-wide
results of transcripts per gene. The same goes for the
number of exons per transcript. We only need to make
each unique exon ID per line and count the appearance
of each transcript ID. For detail please see the code pro-
vided in Additional file 2: Supplementary Data S1s>.

GC content and searching of canonical splicing motifs

The above analyses only require the position and num-
ber information and do not require the sequence infor-
mation: because one could envision that even without
knowing the sequence, we could still know how many
transcripts a gene has and how many exons a transcript
has. But to calculate the GC content of a genomic region,
knowing its genomic coordinate (position) is not enough.
The sequence information is in the reference genome file
in fasta format. Bedtools v2.28.0 [72] was used to process
the sequence file for a given interval. “Bedtools getfasta”
extracts the sequence of an interval assigned in the bed
file, and “Bedtools nuc” directly reports the numbers of
each nucleotide of an assigned interval (see code Addi-
tional file 2: Supplementary Data S1). Then, the GC con-
tent can be calculated based on the numbers of each
nucleotide. The searching of GU-AG splicing motifs in
a given sequence was accomplished by “str_count” func-
tion of “stringr” package in R language. We understand
that the definition of splicing motifs usually requires
an upstream branch site A in addition to the canonical
GU-AG motif [73]. Here, we first realized the difficulty in
searching for the branch site A due to that its distance to
the splicing site is variable. In fact, the probability of see
an adenosine within an upstream (e.g. 0 ~ 50 bp) region is
extremely high, then we believe that adding this criterion
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will not discard many of our candidates. Second, we logi-
cally argue that the more stringent pipeline has already
been applied to annotate the splicing sites in the ref-
erence genomes. Then, repeating the same stringent
pipeline will not produce more splicing sites. Since our
purpose is to find the “relic” of splicing motifs in UTRs
that possibly has already been disabled by natural selec-
tion, searching for canonical GU-AG motif might be
enough.

Statistics and graphical works

Statistical tests and graphical works were all accom-
plished in R studio (R version 3.6.3). Code used in this
study is available in Additional file 2: Supplementary
Data S1.

Abbreviations
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Cto-U  Cytidine-to-uridine
CDS Coding sequence

meA NS-methyladenosine
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Ne Effective population size
UTR Untranslated region
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Ensembl database, genome version WBcel235 (https:/ftp.ensembl.org/pub/re
lease-85/fasta/caenorhabditis_elegans/). Arabidopsis thaliana: Ensembl plants
genome version TAIR10.59 (https:/ftp.ensemblgenomes.ebi.ac.uk/pub/curren
t/plants/fasta/arabidopsis_thaliana/dna/). Zea mays genome version Zm-B73-
REFERENCE-NAM-5.0 (https://ftp.ensemblgenomes.ebi.ac.uk/pub/plants/relea
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se-60/fasta/zea_mays/) and Oryza sativa genome version IRGSP-1.0 (https://ft
p.ensemblgenomes.ebi.ac.uk/pub/plants/release-60/fasta/oryza_sativa/) were
also downloaded from Ensembl plants. Note that the Drosophila genome/
annotation downloaded from Ensembl (version BDGP6) is essentially retrieved
from FlyBase. Code for data processing and analysis is available in Additional
file 2: Supplementary Data S1.
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